Single crystals of La 1.8 Sr 0.2 CuO 4−δ grown by the travelling solvent floating zone method have been ground to spherical shape for studies of anisotropic supercondcucting properties by SQUID magnetometry. Here we report on magnetization measurements parallel and perpendicular to the c-axis on two of these crystals. At low enough temperatures and fields the spheres are perfectly shielding (susceptibility -1.5 [SI]) and thus magnetically isotropic. The field dependence of the critical temperature, the transition width and the field expulsion well below T c is qualitatively similar in both samples and is detailed in the paper. The anisotropy of the first critical field also shows similar behavior for the two crystals. Magnetization vs field experiments reveal a large difference in the hysteresis behavior along the two directions and an enhancement of the critical current density through the CuO 2 -planes compared to the in-plane current density at higher fields.
Introduction
La 2−x Sr x CuO 4−δ is a high-T c superconducting compound (1; 2; 3) with a crystal structure that contains only one CuO 2 plane per primitive cell. The superconductivity of the compound depends strongly on the Sr concentration (2; 3) and the physical properties of the system have been quite extensively investigated (4; 5; 6; 7; 8; 9; 10; 11; 12; 13; 14; 15; 16; 17; 18; 19) Here we report results from magnetization measurements parallel and perpendicular to the c-axis of two spherical single crystal of nominally the same composition La 1.8 Sr 0.2 CuO 4−δ (LSCO) still with quantitatively dissimilar properties.
One purpose of the study is to investigate the anisotropy of the magnetic response of an extreme type II superconducting system without any disturbing geometrical anisotropy at the moment of field penetration. Another objective of the study is to make a detailed mapping of the superconductivity of La 2−x Sr x CuO 4−δ as to the generality of the magnetic response and the anisotropy for two samples of nominally the same quality and composition.
Experimental details

Single Crystal Growth
The single crystals of La 2−x Sr x CuO 4−δ were prepared by means of the travelling solvent floating zone (TSFZ) method (20) using an optical image furnace of 4 cups type. The starting material was prepared by a solid state reaction from high purity (4N) powders of La 2 O 3 , SrCO 3 and CuO, formed into a powder rod by means of water press and sintered in air at 1260 o C for 12 hr. To start the crystal growth, a powder rod was hanged inside a fused quartz tube, with the lower end of the rod slightly above a single crystal seed and at the focal point of an optical image furnace. Oxygen at a slightly higher than ambient pressure was admitted to flow through the quartz tube. A melting zone was created at the lower end of the rod by the heat generated from a set of four 300 watt halogen lamps. In order to lower the melting point, a piece of CuO, was employed as solvent. The crystal seed was moved up and connected to the melting zone of the powder rod to initiate the growth of the single crystal. The powder rod and the single crystal seed were rotated in opposite directions at a speed of 15 -30 rpm. Then they were slowly moved downward together at a rate of about 0.8 mm/hr while the melting zone remained at the focus of the lamp images causing the lower part of the rod to become a solid single crystal. This process was carried out until a complete single crystal rod had been formed. Typical dimensions of the single crystal rods were 8 -10 cm of length and 4 -6 mm in diameter. The crystal rods were always annealed in one atm of oxygen, at 800 o C for 240 hours prior to any characterization.
A powder X-ray diffraction pattern of a sample extracted from one of the LSCO crystals is shown in Fig. 1 . It shows that this sample is single phased without noticeable impurities ( ≤ 0.5%). Composition analyses of several single crystal rods were carried out by means of an Electron Probe Microanalyzer instrument (JEOL EPMA), which revealed that the composition of the LSCO crystals was homogeneous and uniform throughout the length of the rods. Sin- [004]
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[123] gle domain examination was done by a metallurgical optical microscope and Laue photography. From these characterization results the single crystals were found to be of high quality. Some special properties of these LSCO crystals have been studied with neutron scattering (7). Two single crystal rods of La 1.8 Sr 0.2 CuO 4−δ were selected for further studies. It was found from powder x-ray diffraction measurement that these two samples have tetragonal structure with a = 3.7738±0.0001Å, c = 13.2467±0.0008Å for the first crystal (sample 1) and a = 3.7719±0.0001Å, c = 13.2528±0.0007Å for the second crystal (sample 2). Comparing these parameters to the relation between Sr content x and the lattice constants at room temperature reported by Takagi et al.(21) , the Sr content x for our samples was confirmed to be close to the nominal x ≈ 0.2. The transition temperatures (T c ) of the two crystals were found to be 30.5 K and 33.5 K for sample 1 and sample 2, respectively.
Experimental procedures
Spherical single crystal samples were ground from the two single crystal rods. Pieces of about 4 mm of length were cut from the rods by a diamond saw. The pieces were first hand ground and then ground to good spherical shape in a special sphere grinding tool. The diameter of the two spheres employed in this study is about 2 mm, and the mass of the crystals are 28.90 mg (sample 1) and 30.80 mg (sample 2), respectively. The c-axis directions of the spheres were determined (and clearly marked) by using the single crystal diffractometer (SXD) at the Studsvik Neutron Research Laboratory, Sweden.
A commercial SQUID magnetometer (Quantum Design MPMSXL) with a 5 T magnet was used to measure the magnetic properties of the samples. The temperature dependence of zero-field-cooled (ZFC), field-cooled (FC) and thermoremanent (TRM) magnetization was measured in the temperature range 5 -40 K with the magnetic field applied parallel and perpendicular to the c-axis of the samples. The measurements were performed in different applied magnetic fields ranging between 0.08 and 40 kA/m. The field dependence of the magnetization (full hysteresis curves) of the two samples in fields up to 4 × 10 3 kA/m was measured at different constant temperatures and with the field applied parallel and perpendicular to the c-axis of the samples.
The zero-field-cooled magnetization (M ZFC ) is obtained by cooling the sample to a temperature below the transition temperature T c in the absence of the field, turning on an applied magnetic field, and measuring the magnetization in this field as the sample warms through T c . The field-cooled-cooling magnetization (M FC ) is obtained by cooling the sample in an applied magnetic field and measuring the magnetization in this field as the sample is cooled. All FC results of this paper are recorded on cooling, however, for comparision, some FC-magnetization were also recorded on re-heating the sample; these data did not deviate significantly from the cooling results. The thermo-remanentmagnetization (M TRM ) is obtained by turning off the field after field-cooling and measure the magnetization as the sample is reheated through T c .
Results and discussion
Temperature dependence of the magnetization
The crystals were first investigated by recording the temperature dependence of the magnetization at different applied fields along the two principal axes of the samples using the ZFC, FC and TRM protocols as described above. From the low field M vs T curves the transition temperatures of the two samples were determined to be 30.5 K and 33.5 K for sample 1 and 2, respectively.( T c is here defined from the temperature for the onset of a diamagnetic signal in the ZFC and FC magnetization curves.) field applied along the c-axis. It should be noted that the value of M ZFC /H = -1.5 at low temperatures corresponds to the perfect shielding value for a superconductor of spherical shape (χ = − is the demagnetising factor, leads to χ = −1.5). As is seen from the figure the field expulsion (M FC /H), on the other hand, is quite weak and rapidly decreasing with increasing field. Fig. 2 Bottom shows M/H vs T at different applied fields for sample 1 with the field applied perpendicular to the c-axis. The low temperature value of M ZFC /H = -1.5, corresponds to perfect shielding as when the field is applied parallel to the c-axis. The field expulsion in this case is even weaker than when the field is applied parallel to the c-axis.
The insets of Fig. 2 give a comparison between the behavior of M/H for H parallel and perpendicular to the c-axis at a weak field, H = 0.08 kA/m (Top inset) and a somewhat stronger field H = 8.0 kA/m (Bottom inset). It is clearly seen from the figure that M/H is more strongly suppressed by the field when the field is applied perpendicular to the c-axis, i.e, when the induced supercurrents must travel through the areas linking the superconducting CuO 2 -planes.
The corresponding curves for sample 2 give a qualitatively similar picture as Fig. 2 for sample 1, however with some quantitative differences, which we will discuss below. The fundamental relation M ZFC = M FC − M TRM , which is based upon the principle of superposition and only valid for a system that yields linear re-sponse to a field change, is found to apply for low fields, but to be violated for higher fields. The relation is valid up to higher magnetic fields applied parallel to the c-axis than perpendicular to the c-axis as can be seen in Fig. 3 , where M ZFC = M FC − M TRM data for an applied field of 8.0 kA/m applied parallel (main frame) and perpendicular to the c-axis (inset) are shown for sample 1. The validity of the relation is only certified when the sample is able to fully shield a field change, i.e., when there is no further field penetration. Additionally, the trapped field from the field cooled process must remain trapped when the field is removed for the measurement of the TRM state. The two samples show very similar behavior as to the applicability of the principle of superposition. An important consequence of an increasing applied magnetic field on a high temperature superconductor is that the superconducting temperature is lowered and that the width of the transition increases. Fig. 4 illustrates the increase of the width of the transition ∆T c , defined from the difference between the temperatures for which the shielding has reached 10% and 90% of the full shielding level, and the decrease of T c (mid), here defined through the temperature where half of full shielding is measured. The change of the parameters is plotted vs. applied magnetic field for both samples and with the field applied parallel and perpendicular to the c-axis. The figure shows that the increase of ∆T c and the decrease of T c (mid) is much stronger for magnetic fields perpendicular to the c-axis than for magnetic fields parallel to the c-axis and again that the behavior of the two samples is similar. However, a somewhat stronger field dependence for the sample with the higher T c (sample 2) can be noticed. It should be mentioned that the decrease of T c (mid) with the field is stronger than the decrease of T c onset. 5 shows the field dependence of the magnitude of the field expulsion (M FC ) of sample 1 and 2 for applied magnetic fields parallel and perpendicular to the c-axis. The magnitude of M FC for applied magnetic fields parallel to the c-axis is higher than for fields applied perpendicular to the c-axis. The field expulsion is quit weak, at a field of 0.08 kA/m it amounts to ∼ 30% of complete field expulsion for fields parallel to the c-axis, but only ∼ 10% for fields perpendicular to the c-axis for both samples and it is rapidly decreasing with increasing field. The small value of the flux expulsion even at quite weak fields implies that the flux lines are always strongly trapped in these samples.
Field dependence of the magnetization
The upper graph of Fig. 6 shows the field dependence of the magnetization in the field range -800 kA/m to 800 kA/m at four different temperatures in the range T /T c = 0.175 -0.702, when the field is applied parallel to the c-axis for sample 1 (sample 2 shows a similar behavior). It is seen that the hysteresis loop becomes more narrow with increasing temperature, a direct reflection of the decrease of the first critical field (H c1 ) and the critical current density (J c ) of the samples with increasing temperature. One also notices that the field for full flux penetration (the minimum in the virgin M vs H curve) is not reached in these experiments at the two lower temperatures.
The lower part of Fig. 6 shows the corresponding M vs H curves when the field is applied perpendicular to the c-axis of sample 1 (a similar behavior is observed for sample 2). The width of the hysteresis loop is significantly smaller than when magnetic field is applied parallel to the c-axis and the field for full flux penetration is reached at all the measured temperatures.
Some features of these hysteresis loops are worth to note: The initial slope of all curves corresponds to perfect shielding i.e. M/H = -1.5, the curves start to deviate from this straight line at a quite well defined field value, the effective first critical field (H c1ef f = H c1 /1.5), and the continued M vs H loop for the different directions imply that there are strongly temperature and directional dependent pinning forces and critical currents in the samples. Using the low field initial curves of Fig. 6 and the corresponding curves for sample 2, we can derive estimates of the first critical field of the samples. In Fig. 7 , H c1 is plotted vs temperature (T /T c ) for both field directions and for the two samples. In the inset the anisotropy of the first critical field defined from (H c1 /H c1⊥ ) is shown. The first critical field H c1 is found to increase almost linearly on decreasing temperature and to show an anisotropy independent of temperature as shown by the inset of Fig. 7 . The average value of the H c1 -anisotropy, weighted by errorbars, is found to be 3.1 ± 0.1. The measured data of the field dependence of H c1 is somewhat scattered, but it is a great advantage to use a spherical single crystal to study the behaviour of the first critical field of a highly anisotropic superconductor, since geometrical factors are effectively avoided.
In a standard Ginzburg-Landau Model of supraconductivity (22; 23), H c1 is related to the order parameter coherence length ξ and the field penetration depth λ with a good approximation through (24):
where Φ 0 = h/2e is the quantum of flux. In the case of an anisotropic material, this relation remains valid for fields applied along the principal axis. For an applied field along the c-axis, a good approximation of the right hand side parenthesis of the equation can be obtained using the ξ measurements on LSCO samples of the same composition (10) . Using an extrapolation of the H c 1 measurements to T = 0, this gives for our samples a field penetration depth λ (T = 0) of about 1300Å.
In this context, the anisotropy is described by the ratio α =
, and can be evaluated to 2.00 ± 0.05, in agreement with value reported by Zaleski and Klamut (26) . In some contrast; λ at T = 0 was found to be about 2500Å (10; 25). kA/m, for applied magnetic fields parallel and perpendicular to the c-axis. A qualitatively similar behavior is seen for the two samples, however with a significantly wider hysteresis loop (higher critical currents) for the sample with the higher critical temperature (sample 2). It is striking to note that there is a crossover field, where the hysteresis loops for the field parallel to the c-axis becomes less wide than for the perpendicular direction. The hysteresis loops in the two directions do in fact show quite different behavior: The "parallel" curves exhibit a minimum at H = 0 followed by a quite sharp maximum after which the magnetization rapidly decreases to become very small at higher fields (> 800 kA/m). The perpendicular hysteresis loops on the other hand shows a sharp maximum at H = 0 followed by a narrow minimum and a broad maximum at a larger field (≈ 800 kA/m) and a slow decrease of the magnetization as the field is further increased. A broad secondary maximum in the magnetization curve have been observed for many different HTS compounds and certain modele have been proposed to explain this (anomalous) behaviour. (27) As expected for a cuprate superconductor, the anisotropy of the magnetic response is quite remarkable. The system shows a higher first critical field and higher critical currents when the shielding currents can travel only within the CuO 2 -plane than when they are forced to penetrate the inter-layers. However, at higher magnetic fields, the width of the hysteresis loop, and thus the observed critical currents (J c ∝ ∆M ) and the pinning forces become exceedingly Table 1 Critical currents evaluated at the different maxima of Fig. 8, i larger in the perpendicular than in the parallel configuration. In table 1 the critical current density with the field applied parallel to the c-axis of the sample (J c// ) and the critical current density with the field perpendicular to the c-axis of the sample (J c⊥ ) are reported. They have been calculated from the magnetization for a full critical state established in a spherical shape sample ∆M = 3πJ c a/16, where a is the sphere radius (28) . The shape of the curve and the deduced critical current values show a strong field dependence, which is not taken into account in the critical state model used to evaluated J c . However, the results imply a much stronger field dependence of the pinning forces and the flux dynamics when the flux lines penetrate the CuO 2 -planes perpendicularly than when the flux lines are trapped in between the CuO 2 -planes. For the field parallel to the c-axis the current density on the timescale of our experiments, becomes lower than the resolution of our setup, whereas it maintains a considerable magnitude at the corresponding field in the perpendicular direction.
Conclusions
The magnetic response of two spherical single crystals of LSCO of nominally the same composition, has been found to show qualitatively similar behaviour, although they have somewhat different critical temperatures. At low fields and low temperatures the crystals are perfectly shielding but the field expulsion is week. The detailed behaviour on approaching the critical temperature shows some significant differences. The sample with the higher critical temperature (sample 2) has a somewhat sharper transition (∆T c = 2.6 K and 2.1 K respectively). On the other hand, the sample with the lower critical temperature shows a wider hysteresis loop in both field directions at the same relative temperature. The anisotropy of the samples can be described by two main features. The first critical field H c1 is found to increase according to an H-dependence on decreasing temperature and to show an anisotropy of about 3.1 independent of temperature. In an anisotropic Ginzburg-Landau Model, it corresponds to an anisotropy of the order parameter coherence length 
